Abstract: This paper presents a full wave simulation and characteristic mode-based design of a multiple-input-multiple-output (MIMO) antenna at 5.8 GHz for wireless local area network applications. The driven analysis comprises two antennas that are placed orthogonal to each other. A metamaterial unit structure in the form of a rectangular loop resonator is placed around the antenna element to reduce the electromagnetic interference and to increase the isolation between the two monopoles. A characteristic mode technique is employed to find out the dominant mode of the proposed antenna without a feeding port. It was revealed that mode 1 was the dominant mode among the three modes used. The MIMO antenna is constructed and measured using a vector network analyzer. A good isolation of less than 25 dB was attained with a wide impedance bandwidth of 65.5%.
Introduction
The increasing demand for higher data throughput and the need for more reliable connections has motivated the use of multiple antenna techniques, which is a key feature for increasing the performance of wireless communication systems. In order to improve high data rates and secrecy, multiple antennas can be applied with spatial multiplexing, moreover, channel capacity can be greatly increased without sacrificing the spectrum of frequency and transmit power [1] [2] [3] [4] . Multiple-input-multiple output (MIMO) antennas should have multiple ports and it is expedient to have those ports isolated and well matched as no matching network is connected. Although, different applications will have different properties when it comes to design, the major challenge faced by many space-limited applications are the difficulties in implementation and the increasing commutation in spatial diversity [5] . Another challenge facing the design of MIMO antenna are the electromagnetic interactions among the array elements called mutual coupling [6] . When several antenna elements are placed close proximity to each other, the electric field generated by one antenna alters the current distribution on the other antennas, therefore, the radiation pattern and input impedance of each array element are distributed based on the presence of the other elements [7] . The effect of mutual coupling severely degrades how the MIMO system performs, due to that, all the antenna elements have to be considered together as one aperture. In order to reduce the space and mutual coupling between the antenna elements, researchers have used various methods including the use of defected ground structure s(DGS) [8, 9] , neutralization lines [10] and electromagnetic band gap (EBG) structures [11, 12] . Metamaterials have attracted much interest over the last few years, as they introduce interesting possibilities for how to improve antenna performance; they are used as a protective measure between two radiating elements to control and limit propagation among antenna elements and to lower the electromagnetic interactions among them [13] [14] [15] [16] . Some interesting designs has been reported in the recent literature on the use of metamaterials to increase the isolation of an antenna. A letter presented in [17] demonstrated the use of a split rectangular loop resonator inspired MIMO monopoles for a global system for mobile (GSM)/long-term evolution (LTE)/wireless local area network (WLAN) applications, where a long stub together with four metamaterial unit cells was used. The use of a complementary split ring resonator (CSRR) has been studied in [18, 19] where the CSRR is used to lower the resonant frequency of the radiating element as well as to produce multiple resonance. The work in [19] used a split ring resonator, which was placed between the two elements so as to increase the isolation characteristics higher than 15 dB over the band of interest.
Characteristic mode analysis (CMA) has become a favorable tool for analyzing and designing antennas, mainly due to the physical insight gained about antenna operating principles without considering any particular feeding [20] . Characteristic mode theory is a modal analysis technique for antennas of arbitrary shape. It also gives a clear understanding of the resonating frequency of specific modes, radiation patterns and the corresponding mode current [21] [22] [23] [24] [25] . The use of characteristic mode theory for the design and analysis of antennas has been investigated in the recent literature. For instance, a MIMO handheld antenna design using characteristic mode technique was realized in [26] . Similarly, a multi-port multiband chassis-mode antenna design using characteristic modes was analyzed in [27] . A pattern reconfigurable MIMO antenna was designed using CMA in [28] . Another MIMO antenna, with low mutual coupling and low correlation, was designed and analyzed using CMA in [29] . However, none of the above mentioned techniques utilized metamaterial. In this study, six metamaterial unit cells are used in exciting three different modes using a multilayer solver in computer simulation technology (CST). Characteristic mode theory was originally proposed in 1970 by Garbacz [30] , and further refined by Harrington [31] . The characteristic modes are obtained by solving an eigenvalues equation that is deduce from the method of moment matrix, separated in to real and imaginary components, as shown in the following equations:
where [z] is the method of moment impedance matrix, which has to be symmetrical to a large degree to get real and imaginary current I n [32] . λ n is the eigenvalue, R and X represent the real and imaginary part of the impedance matrix. Two important parameters, the characteristic angle α [33] and the modal significance [34] are obtained with the eigenvalue. The resulted response of a given antenna can be express in terms of its characteristic modal response as:
where C n are the coefficient to be determined, and once the coefficient is obtained then Equation (3) can become:
From Equations (2) and (3), the expression for [C n ] will be:
Note that MS is the modal significance and V i n is the weighted excitation coefficient which represents how strongly a mode is excited. In this study, we used a transient analysis solver to analyze The rest of the study is organized as follows. Section 2 presents the parametric analysis of the design to come up with best values of the geometry, Section 3 characterizes the proposed MIMO antenna design using full wave simulation. Section 4 presents the analysis and design of the MIMO antenna using characteristic mode theory. Section 5 is the diversity analysis of the MIMO antenna, and Section 6 concludes the letter.
Parametric Analysis of the Design
The parametric analysis is presented using different values of P from the geometry, to have best values that can give us a better performance of the antenna, in terms of its reflection coefficient. Figure 1 shows the S11 for various length of P, it clearly shows that when the value of P was 23 mm, the S11 was at 5.8 GHz, which is the required frequency band of interest. Though the remaining plots are also within the range of −10 dB. isolation improvements of MIMO antenna. The major contributions of this work are summarized as follows:
• A full wave simulation tool was used to analyze the performance of MIMO antenna.
• A technique that utilizes metamaterial unit cell structure was developed with the aim of increasing isolation between MIMO radiating elements • More than 25 dB of isolation was achieved in the design considered.
• Used a characteristic mode to offer physical insight about antenna operating principles and to find the resonating frequency of specific modes.
• Construction and measurement of a MIMO antenna to verify the design concept and to confirm the simulated results.
The rest of the study is organized as follows. Section 2 presents the parametric analysis of the design to come up with best values of the geometry, Section 3 characterizes the proposed MIMO antenna design using full wave simulation. Section 4 presents the analysis and design of the MIMO antenna using characteristic mode theory. Section 5 is the diversity analysis of the MIMO antenna, and Section 6 concludes the letter.
The parametric analysis is presented using different values of P from the geometry, to have best values that can give us a better performance of the antenna, in terms of its reflection coefficient. Figure  1 shows the S11 for various length of P, it clearly shows that when the value of P was 23 mm, the S11 was at 5.8 GHz, which is the required frequency band of interest. Though the remaining plots are also within the range of −10 dB.
Another analysis was set up, but this time around it was for metamaterial unit cells, the results show the effect of adding up to six in both S11 and S21. Figure 2 pictures the S11 of different unit cells, with six unit cells giving a better matching of the input impedance. Figure 3 is the plot for the isolation of the antenna, it is clearly shows that as the unit cells increased, the isolation also increased which signifies that the introduction of metamaterial unit cells enhanced the performance of the antenna and increased the isolation between the MIMO antenna. Another analysis was set up, but this time around it was for metamaterial unit cells, the results show the effect of adding up to six in both S11 and S21. Figure 2 pictures the S11 of different unit cells, with six unit cells giving a better matching of the input impedance. Figure 3 is the plot for the isolation of the antenna, it is clearly shows that as the unit cells increased, the isolation also increased which signifies that the introduction of metamaterial unit cells enhanced the performance of the antenna and increased the isolation between the MIMO antenna. 
Antenna Design and Simulation Using Full Wave Simulation
The geometry of the two element MIMO monopole is pictured in Figure 4a ,b. The design was performed using computer simulation technology version 2017 (CST AG, Darmstadt, Germany). The MIMO antenna was mounted on an FR4 substrate with a relative permittivity of 4.3, a 0.025 loss tangent and height of 1.6 mm. the system consist of two printed patches on top separate by a distance of 0.29 o λ (22 mm) (top view) and a ground plane (bottom view), where λ is the free space wavelength. The distance between the two antennas was not too wide and at the same time was not too close, which is why the decoupling structure was employed to reduce the interference. Two rows of split rectangular loop resonators were placed around the two antenna element. Each row contained six elements which is quite enough to give perfect inductance. The total design area was 40 × 80 mm 2 . Figure 5a ,b shows a two-dimensional and 3D view of a metamaterial unit cell, which was etched on a 1.6 mm thick FR4 epoxy substrate with a dielectric constant of 4.3 at a frequency of 1-12 GHz. Both the parameters of Figures 4 and 5 are pictured in Tables 1 and 2 . Figure 5b shows a unit cell dimension of 3 × 4.8 × 1.6 on xyz coordinates. The z-axis is the negative magnetic permeability for the boundary condition while the x-axis is a two opening where the port was inserted which propagates the wave, and finally the y-axis is perfectly electric. The electric permittivity retrieval was set using the Sparameter retrieval technique. 
The geometry of the two element MIMO monopole is pictured in Figure 4a ,b. The design was performed using computer simulation technology version 2017 (CST AG, Darmstadt, Germany). The MIMO antenna was mounted on an FR4 substrate with a relative permittivity of 4.3, a 0.025 loss tangent and height of 1.6 mm. the system consist of two printed patches on top separate by a distance of 0.29 o λ (22 mm) (top view) and a ground plane (bottom view), where λ is the free space wavelength. The distance between the two antennas was not too wide and at the same time was not too close, which is why the decoupling structure was employed to reduce the interference. Two rows of split rectangular loop resonators were placed around the two antenna element. Each row contained six elements which is quite enough to give perfect inductance. The total design area was 40 × 80 mm 2 . Tables 1 and 2 . Figure 5b shows a unit cell dimension of 3 × 4.8 × 1.6 on xyz coordinates. The z-axis is the negative magnetic permeability for the boundary condition while the x-axis is a two opening where the port was inserted which propagates the wave, and finally the y-axis is perfectly electric. The electric permittivity retrieval was set using the Sparameter retrieval technique. 
The geometry of the two element MIMO monopole is pictured in Figure 4a ,b. The design was performed using computer simulation technology version 2017 (CST AG, Darmstadt, Germany). The MIMO antenna was mounted on an FR4 substrate with a relative permittivity of 4.3, a 0.025 loss tangent and height of 1.6 mm. the system consist of two printed patches on top separate by a distance of 0.29λ o (22 mm) (top view) and a ground plane (bottom view), where λ is the free space wavelength. The distance between the two antennas was not too wide and at the same time was not too close, which is why the decoupling structure was employed to reduce the interference. Two rows of split rectangular loop resonators were placed around the two antenna element. Each row contained six elements which is quite enough to give perfect inductance. The total design area was 40 × 80 mm 2 . Tables 1 and 2 . Figure 5b shows a unit cell dimension of 3 × 4.8 × 1.6 on xyz coordinates. The z-axis is the negative magnetic permeability for the boundary condition while the x-axis is a two opening where the port was inserted which propagates the wave, and finally the y-axis is perfectly electric. The electric permittivity retrieval was set using the S-parameter retrieval technique. The remaining dimensions of the rectangular loop resonator are fixed except m, which is the gap capacitance that is controlled by the length of k, the value of k was chosen to be 1.75 mm after a series of optimizations because the resonant frequency changed correspondingly from 4-8 GHz. Figures 6a and 3b show the top and bottom views of the constructed design containing the two-element of the MIMO antenna together with six-unit rectangular cells placed around them. Figure 7 presents the measured and simulated S11, and Figure 8 is the measured and simulated voltage standing wave ratio of the MIMO system. The measured and simulated isolation (S21) is pictured in Figure 9 . The construction of the MIMO antenna and measurement were carried out at the Institute of Micro-nano Photoelectronic and Electromagnetic Technology Innovation School of Electronics and Information Engineering, Hebei University of Technology, China using N5244A network analyzer. The measured and simulated impedance width and voltage standing wave ratio (VSWR < 2-10 dB) of the design was 65.5%, ranging from 4.2 GHz to 8 GHz. The metamaterial unit cell permeability, real and imaginary parts, is shown in Figure 10 while Figure 11 is the MTM S11 and S21.
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Diversity analysis of the MIMO antenna
To verify the capability of MIMO antenna, it is important to have a low envelope correlation coefficient and a diversity gain of nearly 10 dB. The ECC ( ) e ρ are computed using the far field radiation pattern as calculated in Equation (6) [35] : 
To verify the capability of MIMO antenna, it is important to have a low envelope correlation coefficient and a diversity gain of nearly 10 dB. The ECC (ρe) are computed using the far field radiation pattern as calculated in Equation (6) [35] :
Electronics 2019, 8, 68 11 of 14 where → F i(θ, φ) is the far field property of the MIMO antenna after exciting port I and * stand as the multiplication sign, the proposed MIMO antenna ECC was calculated from 1 to 8 GHz. The diversity gain of MIMO antennas can be calculated from the ECC as: Figure 19 shows the ECC of the MIMO antenna with less than 0.002 over the entire frequency range. Figure 20 shows the diversity gain of nearly 10 dB. While Figure 21 is the peak gain over the entire frequency range. A comparison among the reported antenna and this study is summarized in Table 3 , in terms of impedance width, isolation, ECC and efficiency of the MIMO system. From Table 3 , it is indicated that compared to all other refered structures, the proposed split rectangular loop resonator exhibits the highest value of S21 indicating its high isolation. The proposed MIMO antenna presents wider impedance bandwidth cimpared to [16, 21, 28, 29] and offers a simple design as compared to the complex structure reported in [12] . 
Conclusions
In this paper, a linearly polarized wideband MIMO antenna consisting of metamaterial unit cells is presented. We used two radiating MIMO elements in the design and analysis. Employing metamaterial unit cells affects the isolation curve, with an isolation of less than 25 dB. The characteristic mode analysis shows that mode 1 has a dominant mode. The simulated and measured results demonstrated good performance of the proposed wideband MIMO antenna including an efficiency value of higher than 70% with an ECC of less than 0.002 and diversity gain of 0.99 dB, which is very good for 5.8 GHz WLAN applications. 
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